Synchronous neurotransmission is triggered when Ca 2+ binds to synaptotagmin 1 (Syt1), a synaptic-vesicle protein that interacts with SNAREs and membranes. We used single-molecule fluorescence resonance energy transfer (FRET) between synaptotagmin's two C2 domains to determine that their conformation consists of multiple states with occasional transitions, consistent with domains in random relative motion. SNARE binding results in narrower intrasynaptotagmin FRET distributions and less frequent transitions between states. We obtained an experimentally determined model of the elusive Syt1-SNARE complex using a multibody docking approach with 34 FRET-derived distances as restraints. The Ca 2+ -binding loops point away from the SNARE complex, so they may interact with the same membrane. The loop arrangement is similar to that of the crystal structure of SNARE-induced Ca 2+ -bound Syt3, suggesting a common mechanism by which the interaction between synaptotagmins and SNAREs aids in Ca 2+ -triggered fusion.
a r t i c l e s Ca 2+ -induced membrane fusion of synaptic vesicles at synapses is the central phenomenon that results in triggered interneuron signaling. The membrane protein synaptotagmin 1 (Syt1) is the Ca 2+ sensor for synchronous neurotransmitter release 1, 2 . Highly coordinated interactions among synaptotagmin, soluble N-ethylmaleimidesensitive factor attachment protein receptor (SNARE) proteins and other neuronal factors are required to create robust and adaptive neural circuits 3, 4 . Syt1 is primarily located on synaptic vesicles and contains two independent C2-type Ca 2+ -sensing domains 5 (termed C2A and C2B, respectively) that are connected by a linker (the fragment containing both domains is designated C2AB). Syt1 interacts with both anionic membranes and SNARE complexes, and both interactions are physiologically relevant 1, 6 .
A general model has emerged in which inhibitory and activating interactions among synaptotagmin, complexin and the SNARE complex (which juxtaposes synaptic vesicles and the plasma membrane) yield a membrane fusion stall that is released by Ca 2+ influx following an action potential 7, 8 . Understanding the molecular mechanism underlying the release of the stall requires knowledge of the structures and dynamics of the complexes formed by these proteins. However, the structure of the complex between synaptotagmins and SNAREs has remained elusive.
Here we used single-molecule fluorescence resonance energy transfer (smFRET) between the C2 domains of Syt1 to determine that their configuration consists of multiple states with occasional transitions. Each of these stable FRET states is consistent with the domains being in random relative motion, leading to a well-defined average FRET emission at our 100-ms temporal resolution. SNARE binding results in narrowing of the intrasynaptotagmin FRET distributions and fewer transitions between states, consistent with substantially reduced conformational variability.
Distance-constrained smFRET triangulation methods have been successfully used to localize individual domains within several biomolecular assemblies [9] [10] [11] . Here we generalized this approach to the Syt1-SNARE multicomponent system using a multibody docking strategy guided by 34 FRET-derived distance restraints. We obtained a robust model derived from the major smFRET populations for the Syt1-SNARE complex. To our knowledge, this is the first experimentally derived model of a synaptotagmin-SNARE complex, which has resisted crystallization and NMR analysis 12 . The low concentrations of single-molecule studies prevented aggregation of the complex and thus enabled us to determine this smFRET-derived model in the presence of 1 mM Ca 2+ . We observed occasional transitions between different FRET efficiency states, and some of the smFRET efficiency distributions have a multimodal appearance, suggesting that the Syt1-SNARE complex is conformationally variable. In our model, the Ca 2+ -binding loops point away from the SNARE complex and could engage the same membrane. The loop arrangement is similar to that of the structure of the SNARE-induced Ca 2+ -bound Syt3 (ref. 13 ), suggesting that there is a common molecular mechanism by which the synaptotagmin-SNARE interaction aids in Ca 2+ -triggered vesicle fusion.
The utility of single-molecule experiments is well established for studies of protein folding and enzymatic processes 14 . Our study of membrane-reconstituted synaptic vesicle proteins demonstrates that smFRET measurements can also determine structural models of weakly bound or flexible multicomponent systems. a r t i c l e s
RESULTS

FRET efficiency distribution of isolated Syt1
Because isolated C2A and C2B conformations are unchanged upon binding Ca 2+ , the relative arrangement of the C2 domains largely determines the C2AB configuration [15] [16] [17] [18] , which influences Syt1 function 19 . We therefore introduced specific dye-labeling sites into each of the C2 domains in the Syt1 C2AB fragment ( Fig. 1a) to allow FRET to report interactions between C2A and C2B. We encapsulated individual double-labeled C2AB molecules within biotinylated liposomes, 100 nm in diameter, that were tethered to a streptavidin-exposed biotinylated quartz surface or added in solution over supported lipid bilayers containing SNARE complex ( Fig. 1a) . We measured smFRET efficiencies as I A / (I D + I A ) (I D and I A , background-and leakagecorrected donor and acceptor intensities, respectively).
We characterized C2AB conformations in the absence of the SNARE complex. C2AB with dyes attached at residues 154 (C2A) and 383 (C2B) revealed FRET emissions at intermediate levels (0.57) that were stable for many seconds (Fig. 1b) . We accumulated measurements for 1 mM Ca 2+ -or 1 mM EDTA-exposed molecules into histograms ( Fig. 1c , left columns). For the labeling site pair 254-396 (corresponding to the 410-554 label pair of Syt3 (ref. 13)) the distribution is similar to that of isolated Syt3 13 except for a second minor peak at high FRET ( Fig. 1c) . Small changes in the smFRET efficiency distribution resulted from exposure to Ca 2+ . For example, the ~0.08 FRET efficiency decrease when switching from EDTA to Ca 2+ for the 154-383 label pair ( Fig. 1c) is greater than the standard deviation of averaging three independent experiments ( Fig. 2) . However, FRET emission from yet another label pair, 154-396, was around 0.32, with no dependence on Ca 2+ exposure.
FRET efficiency distribution of SNARE-bound Syt1
We next used smFRET to characterize the conformation of Syt1 interacting with the assembled SNARE complex (Fig. 1a) . Syt1 bound minimally to protein-free phosphatidylcholine bilayers in both Ca 2+ and EDTA buffers ( Fig. 3a, squares) . Syt1 bound robustly when preassembled, purified SNARE complexes were included in the bilayers via the syntaxin transmembrane domain ( Figs. 1a and 3) . The binding probability increased in the presence of Ca 2+ and decreased with increasing NaCl (Fig. 3a) , in agreement with other reports 20 , and we found similar behavior for the interaction with binary SNARE complexes (Fig. 3b) . The bound states lasted many seconds in 50 mM NaCl, so we used this condition for all subsequent smFRET measurements. We measured smFRET between the dyes in the C2A and C2B domains for the SNARE complex-bound synaptotagmin with the same label sites we used for the encapsulation studies ( Fig. 1c , right columns).
Comparison of FRET efficiency distributions
The smFRET distribution widths varied for different C2AB-spanning label pairs and generally became narrower upon SNARE complex binding ( Figs. 1c and 2b) . The large differences in C2 domain arrangement of available C2AB crystal structures 13, 21, 22 and NMR 23 and EPR 24 spectroscopic studies of Syt1 C2AB in solution suggest that the two C2 domains are in random relative motion when not bound to the SNARE complex. To limit possible interdomain motions, we added bifunctional N-hydroxysuccinimide ester crosslinker to the 154-383 sample before encapsulation without SNARE complex. The width of the smFRET distribution for cross-linked Syt1 was narrower than for the un-cross-linked Syt1 (Fig. 2c) . We also performed control experiments in which both the donor and acceptor were positioned within the C2A domain ( Fig. 2a,b,d,e and Supplementary Fig. 1a,b) . NMR studies have verified that isolated C2A is stable in a conformation nearly identical to that observed in C2AB structures 23 . smFRET measurements of this control construct (label sites 140-154) revealed a dominant peak centered at 0.60, consistent with the dye-dye separation of 5.4 nm calculated from the Syt1 C2AB crystal structure 17, 22 (see Supplementary Note for the calculation of the dye-dye distances from the crystal structure), and a Förster radius of 5.1 nm for the Alexa555-Alexa647 dye pair (assuming dye parameters measured under standard conditions 25 ) or an empirically determined Förster radius of 5.55 nm for the dyes conjugated to the protein (Supplementary Note). This smFRET efficiency distribution of the control construct did not change upon Ca 2+ exposure or SNARE complex binding (Fig. 2d) . The widths of the cross-linked 154-383-labeled synaptotagmin were close to the widths of the control samples with labels in the same domain, supporting a r t i c l e s the notion that the wider histograms of unbound Syt1 arise from conformational fluctuations in the relative arrangement of C2A and C2B. This interpretation is consistent with molecular dynamics simulations of C2AB fragments in which both C2 domains were modeled as rigid bodies connected by a flexible linker ( Supplementary Fig. 2 ). smFRET measurements of randomly fluctuating single-stranded DNA have reported similar well-defined emission peaks 26 .
We assessed the repeatability of smFRET distribution peak position and width measurements for the 154-383 label pair ( Fig. 2a,b) . The smFRET peak location did not significantly shift upon SNARE complex binding in the presence or absence of Ca 2+ (Fig. 2a, triangles) . A shift due to Ca 2+ exposure occurs independently of SNARE binding. We observed no changes in smFRET distributions for similar experiments using the control pair with both dyes in C2A (140-154) ( Fig. 2a , circles, and Fig. 2d ). In contrast to the peak position, smFRET distribution widths significantly narrowed for SNARE-bound Syt1 compared to isolated Syt1 (Fig. 2b) . The SNARE-bound 154-383 smFRET distributions had widths more similar to those of the 140-154 C2A control labels and the cross-linked Syt1 construct than to those of isolated Syt1, which had larger widths, supporting the notion that SNARE complex binding substantially reduces the motion of the C2 domains.
Conformational states of Syt1
The existence of multiple conformational states for Syt1 is supported by observations that some molecules spontaneously transitioned between two or more nonzero FRET levels during the observation period ( Fig. 1b , top left, and Fig. 2f) ; similar transitions were observed for all label combinations involving both C2 domains. Ca 2+ -free Syt1 (containing EDTA) showed about twice as many transitions between intermediate and high FRET levels during a 100-s observation period than did Syt1 prepared with Ca 2+ (Fig. 2f) . For control experiments with both dyes in C2A, switching was almost nonexistent (<0.1%). Thus, the observed transitions are not an artifact of the labels or of the experimental setup but are due to intrinsic properties of Syt1 C2AB. Binding of SNARE complex reduces the frequency of the transitions but does not eliminate them (Fig. 2f) .
The individual smFRET efficiency measurements are averages over a 100-ms integration time. It is therefore possible that the stable FRET efficiency states are each themselves dynamic, with fast motions (faster than 100 ms) averaging to a single FRET efficiency value. These different dynamic states could represent different conformations of the linker connecting the two flexible C2 domains. Such dynamic states would be consistent with the observed lack of cross-peaks between the C2 domains in NMR HSQC spectra 23 . Alternatively, if one of the FRET efficiency states is a specific arrangement of the C2 domains (such as the one observed the Syt1 C2AB crystal structure 22 ) that is stabilized by interactions between the domains, then the small population (typically less than 10%) would have prevented detection in ensemble NMR or EPR studies 23, 24 . SNARE complex binding significantly reduced the frequency of the transitions (Fig. 2f) SNARE complex on the Syt1 conformational dynamics. However, we still observed occasional transitions in the presence of SNARE complex (Supplementary Fig. 3) .
SmFRET determines a model of the Syt1-SNARE complex
We used smFRET between membrane-reconstituted SNARE complexes and Syt1 bound from solution to determine an experimentally derived model of the Syt1-SNARE complex. We preassembled acceptor-labeled ternary SNARE complex in solution, purified it by denaturant washes to eliminate antiparallel assembly 27 and reconstituted it into supported lipid bilayers formed from 100% phosphatidylcholine via the transmembrane domain of syntaxin. We then added donorlabeled, soluble C2AB in solution above the bilayer (Fig. 1a, right) , leading to FRET emissions upon binding to SNAREs in the bilayer. Our previous studies attempting to determine the conformation of Syt1 binding to membrane tethered SNAREs were limited by the brevity of bound-state lifetime in 200 mM NaCl buffers 28 . In light of the enhanced binding of synaptotagmin to SNARE complex at decreased NaCl concentrations 20 (Fig. 3) , we conducted FRET experiments in solutions containing 50 mM NaCl. Under these conditions, nonspecific binding of Syt1 to the bilayer was minimal in the absence of SNARE complexes (Fig. 3) . The few Syt1 molecules that were bound directly to the bilayer by interactions not involving the SNARE complex could be confidently differentiated from the SNARE-bound Syt1 by their markedly different mobility, as SNARE complexes diffuse much more slowly in these supported bilayers 27 .
We used an extensive set of pairs of label-attachment sites to measure smFRET between C2AB Syt1 fragments and bilayer reconstituted ternary SNARE complexes (Fig. 4a) . The SNARE complex was labeled at two N-terminal sites (Fig. 4b, left column) , a central site ( Fig. 4b , center column) and two C-terminal sites (Fig. 4b, right column) . Syt1 was labeled at a variety of sites in C2A, C2B and the linker between C2A and C2B (total of six sites; Fig. 4b, rows) . We observed distinct populations of FRET levels that could be fitted to sums of Gaussian functions centered at FRET efficiency values ranging from 0.1 to 0.9 that had widely variable widths spanning from 0.11 to 0.44 (Supplementary Fig. 4) . We used the values at the centers of these Gaussian fits to represent distinct binding states. Fluorescence anisotropy, quantum yield and detection efficiencies must be known for the dyes conjugated to each labeling site to confidently convert smFRET measurements to absolute distances. This is a challenging problem that is a topic of current interest 10, 29, 30 . Here we used our control C2A FRET pair to empirically determine the FRET efficiency-todistance conversion parameters for the Alexa555-Alexa647 dye pair as R o = 5.55 nm and g = 1 (Supplementary Note). We verified these conversion parameters by testing three different control labeling-site pairs within a single C2 domain (two pairs in C2A and one pair in C2B). Furthermore, there are no significant changes of the g factor across label-site pairs involving all of the label sites used (Supplementary  Note, Supplementary Fig. 5 and Supplementary Table 1 ). Our empirical approach to determine R o accounts for the orientationaveraging effects of the relative alignment of the fluorophores a r t i c l e s that contribute to the Förster radius, so we did not perform molecular dynamics simulations of orientation effects 10 .
We used 34 smFRET-derived distances for Syt1 bound to the SNARE complex in the presence of 1 mM Ca 2+ (30 label pairs between Syt1 and the SNARE complex and 4 label pairs within Syt1 C2AB) as target restraints for exhaustive docking calculations using simulated annealing, where the SNARE complex and the C2 domains were kept rigid while the torsion angles of the linker connecting the two C2 domains (residues 263-272) were flexible. We obtained the dyecenter positions relative to the corresponding rigid bodies from separate molecular dynamics simulations and used them as pseudoatoms for the distance restraints in the docking calculations (Supplementary Note). We characterized FRET histograms for most of the label pairs by a single dominant state (Fig. 4b) , which was converted to the distance between dye-center locations using the empirically determined R o and g. A few of the label pairs produced FRET efficiency distributions with unusually wide peaks or double peaks, indicating some degree of heterogeneity in the configuration of the Syt1-SNARE complex. We extracted the major population of the FRET efficiency distribution (presumed to be the corresponding most probable configuration of the Syt1-SNARE complex) based on the observation that all histograms were well fitted by sums of two Gaussian functions (Supplementary Fig. 4) . For most label pairs (26 out of 34), the major Gaussian peak contained >70% of the population. We performed an initial docking calculation using only this subset of the distance restraints, and then we compared the top solution of this preliminary docking simulation to the remaining eight ambiguous label pairs. For these remaining eight pairs, we selected the distance derived from the two fitted FRET peaks that was closest to the distance calculated from the preliminary model. We then repeated the docking calculation using all 34 assigned distance restraints (additional details can be found in the Supplementary Note).
We performed a cluster analysis of the ~900 models obtained from the docking calculations; each cluster was defined by an r.m.s. deviation of less than 3 Å from a central node (Supplementary Note). The best model (in terms of distance-restraint satisfaction) is shown in Figure 4c (see also Table 1 and Supplementary Fig. 6) , and the next best nine models are shown in Supplementary Figure 7 . Out of these nine next-best models, seven have unlikely configurations, as the Ca 2+ -binding loops directly contact the C2B domain (note that we did not use bound Ca 2+ or electrostatics in the docking calculations). Another model is essentially a mirror image of the C2AB configuration with respect to the best structure, with similar elements forming the interface between SNARE complex and Syt1.
The best model (Fig. 4c) shows that the bottom of the C2B domain of Syt1 interacts with the middle portion of the SNARE complex on the side that consists of the SNAP-25 helices. This positioning is consistent with the observation that the Syt1-383-Sb-61 label pair showed the highest FRET of all pairs (Fig. 4b) . The other label combinations support this interaction between C2B and the SNARE complex, as docking calculations omitting distance assignments involving the Sb-61 or the Syt-383 label sites all resulted in similar models ( Supplementary Fig. 8 and data not shown). Furthermore, all of the top ten models from the docking calculations have in common that the 'bottom' (a nomenclature commonly used to indicate the face of a C2 fragment opposed to the Ca 2+ -binding loops) of the C2B domain interacts with the SNAP-25 side of the SNARE complex ( Fig. 4c and Supplementary Fig. 7) .
The Ca 2+ -binding loops of Syt1 point away from the SNARE complex (Fig. 4c) . The Ca 2+ -binding region of the C2A domain is more distant from the SNARE complex than that of the C2B domain, which is in agreement with other biochemical studies that have found a stronger association between the SNARE complex and C2B compared to C2A 31 as well as C2B-SNARE complex binding in the absence of C2A 12 . This asymmetry of the C2 domain interactions with respect to the SNARE complex is also consistent with the observation that disrupting Ca 2+ binding to the C2B domain impairs neurotransmitter release more strongly than does disruption of binding to C2A 1 .
DISCUSSION
Many different approaches have determined a critical role for Syt1 to link Ca 2+ influx during neuronal action potentials to triggered neurotransmitter release. Recent work has highlighted the importance a r t i c l e s of interactions between synaptotagmin, SNARE proteins and other neuronal proteins in establishing the robust primed state of a docked vesicle that can be triggered to undergo membrane fusion in less than a millisecond after the arrival of Ca 2+ . Nevertheless, a precise mechanistic understanding of synaptotagmin's activity is lacking. The relative arrangement of the two independent C2 modules in synaptotagmin, C2A and C2B, is a critical feature that any model of the mechanism of triggered neurotransmitter release must take into account. Our smFRET studies of Syt1 isolated in solution revealed intermediate FRET signals for all pairs of labeling sites tested. These well-defined FRET states commonly lasted tens of seconds and are consistent with Syt1 existing in a definite relative arrangement of the C2 domains. However, at our time resolution of 0.1 s per frame, these states are also consistent with C2A and C2B being in rapid relative motion with little interaction. Further experimental advances that allow smFRET interrogations at faster timescales, and would thus permit probing of such rapid molecular motion, will be required to directly observe this motion. We observed switching between distinct states within ~1 min of observation in 10-30% of molecules, indicating both a capability to shift to different arrangements of Syt1 C2AB (Fig. 1b, upper left) and possibly a brief ability of the two domains to stabilize relative to each other in a specific conformation. Alternatively, the distinct FRET states might all be dynamic, with infrequent transitions between them being consistent with the lack of interactions observed in NMR and EPR experiments 23, 24 . The conformation of the C2AB linker may discriminate between these different dynamic states.
Small changes in the FRET efficiency distributions upon binding to the ternary SNARE complex suggest changes in the internal arrangement of Syt1. The widths of the distributions narrowed substantially upon binding of the SNARE complexes, which suggests that random motion is stabilized upon SNARE binding. Intermolecular smFRET measurements between Syt1 and the SNARE complex in the bound state revealed broad populations with multiple peaks for many label combinations, suggesting the presence of multiple conformations for the complex.
Rigid-body docking calculations using distances derived from the largest FRET populations for each pair of FRET labels led to a robust model of the dominant conformation of the Syt1-SNARE complex. One helix of Syt1 (residues 385-395) is directly positioned at the interface with the SNARE complex (Fig. 4c) . The central region of the SNARE complex that mediates Syt1 binding (as predicted by our smFRET-derived model) is essential for function. Mutations of glutamates near this area of SNAP-25 (Glu51, Glu52 and Glu55) to lysines eliminated in vitro binding of synaptotagmin to the SNARE complex and greatly reduced Ca 2+ -stimulated release in PC12 cells 32 . These same SNAP-25 mutations as well as additional SNAP-25 mutations directly adjacent to this region (Leu50 and Ile171) are critical in the context of docking vesicles in adrenal chromaffin cells 33 . Additionally, in our smFRET-derived model, the conserved arginine residues at the bottom of C2B 34 are close to the interface with the SNARE complex but also are sufficiently exposed to allow potential interactions with membranes. Mutation of these residues results in decreased synchronous neurotransmitter release in hippocampal glutamatergic neurons 34 . These independent functional assessments of the Syt1-SNARE interactions lend further credence to our smFRET-derived model.
The Syt1-SNARE complex is not a rigid structure, as we observed occasional transitions between different FRET efficiency states (Supplementary Fig. 3) , and some of the smFRET efficiency distributions have a multimodal appearance (Fig. 4b) . This intrinsic flexibility of the Syt1-SNARE complex may allow the complex to adapt to the particular geometry of the interacting membranes in the prefusion state.
Our smFRET-derived model leaves the complexin binding site on the SNARE complex unobstructed. Therefore, the central complexin helix and synaptotagmin could simultaneously bind to the ternary SNARE complex with no apparent clash between them. Indeed, there is some in vitro evidence for simultaneous binding of Syt1 and complexin 35, 36 , although competitive binding has also been observed 20 . The complexin arrest model 20, 37 suggests an intermediate state involving trans-state SNARE complexes; however, to our knowledge, the cis state of the SNARE complex has been used in all biophysical and biochemical experiments to date. In any case, our smFRET-derived model suggests that a clamp release may not consist of a displacement reaction but rather a distinct conformational change that is triggered by the increased affinity of the Syt1-SNARE interaction upon Ca 2+ binding. The enhanced SNARE interaction and the reduction of C2AB transitions (Fig. 2f) upon Ca 2+ exposure may be explained by longrange electrostatic effects caused by the highly bipolar electric potential of the SNARE complex 38 (Fig. 6 in ref. 38 ) and the large change in electric potential of Syt1 upon Ca 2+ binding 16, 17 .
Comparisons between the behavior of Syt1 and Syt3 are enabled by the Syt1 labeling sites H254C and N396C, which are aligned in primary protein sequence with residues Glu410 and Asn554 in Syt3, which have been used for smFRET measurements elsewhere 13 . Both Syt1 and Syt3 smFRET distributions for these sites change upon SNARE complex binding, but the changes are different (in the case of Syt1, mostly consisting of narrowing and, in a few cases, disappearance of minor peaks (Fig. 1c) , in contrast to the appearance of a new major peak in the case of Syt3 (Fig. 5 in ref. 13 ). However, the general arrangement of the Ca 2+ -binding loops of SNARE-bound Syt1 is strikingly similar to that observed in the SNARE-induced Ca 2+ -bound crystal structure of Syt3 (ref. 13 ). This Ca 2+ -bound conformation of Syt3 is also induced by SNARE complex binding 13 . Thus, whereas the configuration of the β-sheets of the C2 domains is different (explaining differences between smFRET measurements of double-labeled Syt1 and Syt3), the Ca 2+ -binding loops converge to a similar arrangement.
This convergent Ca 2+ -binding loop behavior suggests an evolutionarily conserved molecular mechanism: the synaptotagmin-SNARE complex interaction (which exists even in the absence of Ca 2+ ; Fig. 3 ) recruits synaptotagmin to assembled SNAREs and restricts the conformational variability of the C2 domains by stabilizing a configuration that enables simultaneous membrane binding. This stabilization of synaptotagmin's dynamic conformations upon SNARE binding that we have observed with smFRET is an example of the importance of conformational flexibility that likely applies to many other biomolecular interactions. The importance of such dynamic equilibria among multiple conformations is increasingly recognized as an integral aspect for the function of many proteins 39 .
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
ONLINE METhODS
Proteins. We performed expression and purification of hexahistidine fusions of full-length syntaxin, SNAP-25 and synaptobrevin-II (residues 1-96) from pet28a (Novagen) as described 27 , and we used combinations of metal affinity, ion exchange (Q and/or S) and gel-filtration chromatography. We performed expression and purification of the Syt1 C2AB fragment (residues 96-421) from pGex4T1 (GE Biosciences) as described 28 . Briefly, we cleaved the GST fusion protein from glutathione agarose, followed by ion exchange and gel-filtration chromatography (Mono S and Superdex 200, GE Biosciences). We examined all proteins by SDS-PAGE for purity (>90%) and then dialyzed them into 20 mM Tris, pH 8.0, 200 mM NaCl, 1 mM DTT (TBS).
From cysteine-free templates, we generated single cysteine mutations 28 of SNAP-25 (Q20C, K76C, N139C and Q197C), synaptobrevin (S61C) and Syt1 C2AB (E140C, Q154C, K189C, E269C, E350C, G368C, T383C and N396C) and double-cysteine mutants of Syt1 C2AB (E140C Q154C, Q154C G174C, Q154C H254C, Q154C T383C, Q154C N396C, F252C N396C and H254C N396C) using Quikchange (Stratagene).
We carried out protein labeling protocols as described previously 27, 28, 40 . Labeling efficiency (assessed by absorbance spectroscopy) was typically >80% for each cysteine in Syt1 and >50% for all proteins. We labeled proteins with Alexa555-or Alexa647-maleimide (Invitrogen). For one experiment, we used Cy3maleimide (GE Biosciences), and for another, we used Alexa488 ( Supplementary  Figs. 1b and 10) . We labeled double-cysteine Syt1 mutants by mixing Alexa555 and Alexa647 simultaneously, both at a tenfold excess over protein during the labeling incubation. Three different populations of double-labeled synaptotagmin resulted: two-donor dyes, two-acceptor dyes and synaptotagmin containing exactly one donor and one acceptor.
We cross-linked Syt1 (Fig. 2c) with BS3 (Pierce Biosciences) in 25 mM phosphate (pH 8.0) and 150 mM NaCl at a protein concentration of 50-100 nM with a 1,000× molar excess of BS3 for 1 h at 4 °C. These dilute conditions prevented intermolecular cross-linking as assessed by single-molecule fluorescence detection of the number of dyes within each immobilized liposome.
We formed ternary SNARE complex as described previously 27 , including the 7.5-M urea wash to minimize antiparallel assembly. We performed lipid membrane protein reconstitution and supported lipid bilayer formation as described previously 40 using phosphatidylcholine (EggPC), phosphatidylserine (Brain PS) and head-group biotinylated 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (biotin-PE) (all from Avanti Polar Lipids).
We encapsulated proteins inside liposomes for studies of soluble species [41] [42] [43] . We prepared egg phosphatidylcholine liposomes, including 0.1% (w/w) biotin-PE, to allow them to be tethered to a quartz surface sequentially treated first with biotinylated BSA (1 mg ml −1 , 5 min) and next with streptavidin (0.1 mg ml −1 , 5 min). We added labeled protein solutions diluted to ~50 nM with TBS with indicated final NaCl concentrations to glass tubes containing films of dried lipids (1 mg egg PC + 0.1% biotin-PE; final lipid concentration, 1 mg ml −1 ). We extruded these mixtures through 100-nm diameter pore filters followed by chromatography (Sepharose CL4B) to remove unencapsulated protein. This procedure resulted in less than 15% of liposomes containing two or more proteins, similar to the experience of other groups 41, 42 , as verified by counting individual photobleaching events.
We prepared bilayers containing proteins as previously described 27, 40 . We adjusted concentrations before reconstitution into liposomes such that maximum surface density for preassembled ternary SNARE complex with dye labels was 0.04 complexes per µm 2 and without dye labels was 0.4 complexes per µm 2 . For syntaxin bilayers (used to form binary complex upon addition of soluble SNAP-25) (Fig. 3b) , the surface protein density was 0.7 syntaxin per µm 2 . These densities are based upon protein:lipid ratios mixed before liposome reconstitution and purification, causing overestimation 40 . Syntaxin density was sufficiently low to minimize the formation of nonproductive Sx:S25 2:1 complex 40 .
Microscopy. We constructed flow cells between quartz microscope slides and standard microscope coverslips. For experiments with biotinylated BSAstreptavidin surfaces, double-sided tape defined the channel edges, whereas for experiments using supported lipid bilayers, UV-curing optical adhesive (Norland Products) sealed the edges of the chamber. We formed the bilayers by 15-min incubation with SNARE-containing liposomes (3 mg ml −1 ) followed by proteinfree liposomes (30 mg ml −1 ) for 1 h. The second liposome application decreased nonspecific binding of proteins to the surface. We added Syt1 over these bilayers at 0.1-20 nM for 10 min before observation.
smFRET measurements used a prism-type total internal reflection microscope with a Cascade 512B EMCCD (Photometrics) as described previously 44 . We split fluorescence emission into donor and acceptor channels with a 645dcxr dichoric mirror and filtered it with bandpass filters, donor HQ585/70m and acceptor HQ700/75m (all from Chroma). Alternating laser illumination (0-1 s, 635 nm, 5 mW; 1.5-100 s, 532 nm, 10 mW; 105-110 s, 635 nm, 5 mW) allowed us to distinguish the number of acceptor and donor dyes on each molecule by singlestep photobleaching and quantized intensity levels. This alternating illumination scheme allowed us to exclusively analyze molecular complexes containing exactly one donor and one acceptor for FRET emission (calculated from the measured donor and acceptor intensities that were background subtracted and corrected for donor leakage into the acceptor channel (I D and I A , respectively) as FRET = I A / (I D + I A )). Labeling efficiencies were typically 80-100% (with a few samples as low as 50%), which implies little contamination from liposomes containing one donor and one acceptor from two separate C2AB molecules where one has a single donor and the other a single acceptor. We made all observations at 21-22 °C in TBS containing 2% (w/v) glucose, 100 µM cyclooctatetraene and an enzymatic oxygen scavenger (glucose oxidase, 20 units per ml and catalase, 1,000 units per ml; Sigma).
Data analysis.
We generated all FRET plots by calculating FRET efficiency for each point in intensity traces (at 10 Hz) for which both donor and acceptor are active and combining them in a histogram for many molecules (Supplementary Table 2 ). This method captures the different FRET efficiency values that sometimes occur within intensity trajectories for dynamic molecules while revealing the distribution of FRET states visited across an ensemble. We fitted histograms to sums of Gaussian functions where one Gaussian function was used for the FRET = 0 peak, which was removed ( Supplementary Fig. 4 and Supplementary Note).
Docking calculations.
We performed docking calculations with the Crystallography and NMR System 45 (CNS) as described in the Supplementary Note. A tutorial for implementing these methods is included in CNS version 1.3 (http://cns-online.org/v1.3/).
